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Abstract
We study CP asymmetries in lepton-number violating two-body scattering processes and
show how they are related to CP asymmetries in the decays of the intermediate massive
Majorana neutrinos. We demonstrate that self-energy corrections do not contribute to
CP asymmetries in leading order.
Decays of heavy Majorana neutrinos may be responsible for most of the cosmological baryon
asymmetry [1]. As detailed studies have shown, the observed asymmetry nB=s  10−10 is
naturally obtained for theoretically well motivated patterns of neutrino masses and mixings,
without [2,3,4] and with [5,6] supersymmetry.
The CP asymmetry in Majorana neutrino decays is conventionally evaluated from the in-
terference between the tree diagram and the one-loop vertex correction [7]. Recently, this
procedure has been challenged, and it has been argued that also the interference between the
tree diagram and the self-energy corrections has to be taken into account [9{11]. This question
is important since the self-energy contributions appear to have a large eect in some cases [12].
In the following we shall investigate this problem. We nd that self-energy corrections have no
eect on observable CP asymmetries.
The heavy Majorana neutrinos, which one obtains as mass eigenstates if right-handed neu-
trinos are added to the standard model, are unstable. Hence, they cannot appear as in- or
out-states of S-matrix elements. Rather, their properties are dened by appropriate S-matrix
elements for stable particles [13]. For scattering processes of stable particles one may dene
CP asymmetries which, at least to some accuracy, can be obtained by appropriately dened
CP asymmetries of partial decay widths of the intermediate unstable particles. The question
then is whether in such a denition the self-energy correction has to be included or not.
Majorana neutrino propagator
We consider the standard model with three additional right-handed neutrinos. The corre-
sponding Lagrangian for Yukawa couplings and masses of charged leptons and neutrinos reads
LY = lL 

l eR + lL
e R − 12 CR M R + h.c. ; (1)
where lL = (L; eL) is the left-handed lepton doublet and  = (’
+; ’0) is the standard model
Higgs doublet. l,  and M are 3 3 complex matrices in the case of three generations. One
can always choose a basis for the elds R such that the mass matrix M is diagonal and real
with eigenvalues Mi. The corresponding physical mass eigenstates are then the three Majorana
neutrinos Ni = Ri + 
C







where C is the charge conjugation matrix. This propagator has poles at p2 = M2i corresponding
to stable particles, whereas the physical neutrinos are unstable. This is taken into account by





At one-loop level the two diagrams in g. 1 yield the self energy
ij(p) = (=p PR) 
ij
R(p























(1 γ5) are the projectors on right- and left-handed chiral states. R and L
are the contributions of the diagrams gs. 1a and 1b, respectively. They can be written as







= a(p2)K ; (5)
where






B0 is the usual massless one-loop two-point form factor [8],
B0(p






(k2 + i") [(k + p)2 + i"]
: (7)
For simplicity we will omit the argument of a in the following, however one should keep in mind
that a depends on p2.
According to eqs. (3), (4) and (5) the resummed propagator S(p2) satisesh
=p





S(p2) = 1 : (8)
The fermion propagator S(p2) consists of four chiral parts
S(p2) = PR S
RR(p2) + PL S
LL(p2) + PL =p S
LR(p2) + PR =p S
RL(p2) : (9)
Inserting this decomposition into eq. (8), and multiplying the resulting equation from the left
and the right with chiral projectors PR;L, yields a system of four coupled linear equations for





















To leading order in , the diagonal elements of S(p2) reduce to the usual Breit-Wigner propa-
gators.
3
CP asymmetries in lepton number violating processes
The description of unstable particles in the framework of quantum eld theory is a subtle
problem. The elds in the Lagrangian usually correspond to asymptotic free states appearing at
innite times as incoming and outgoing states, in contradiction to the nite lifetime of unstable
particles. The solution to this problem has been worked out long ago [13]. In a consistent
S-matrix only stable particles appear as in- and out-states, whereas unstable particles occur in
intermediate states where they are represented by propagators in which all self-energy diagrams
have been resummed.
Due to the resonance behaviour of this propagator amplitudes containing an unstable par-
ticle as intermediate state can often be approximately factorized. Unstable particles can then
be treated as if they were stable. However, one has to bear in mind that this is only an
approximation which is not justied in all cases.
To check whether factorization of amplitudes is a sensible approximation and how self-
energy corrections have to be included, one has to take the production process of the neutrinos
into account when discussing their decays. In the following we will therefore investigate the full
2 ! 2 scattering processes with heavy neutrinos as intermediate states and stable particles as
external lines. Due to the CPT theorem lepton number conserving processes like l+ ! l+
are CP invariant to all orders of perturbation theory, and we can therefore restrict ourselves to
lepton number violating processes.
The L = −2 process l +  ! lc + c is mediated by a heavy neutrino in the s- or the
t-channel. The pure t-channel contribution is CP invariant since the loop integrals do not get
absorptive contributions in this channel. The interference terms between s- and t-channel will
contribute to the CP asymmetry, however these contributions are of higher order than the pure
s-channel contributions at s = M2i . Hence, we will focus on the s-channel diagrams in the
following.
To leading order CP asymmetries originate from the interference of tree level with one-
loop diagrams, and the contributions of dierent one loop diagrams can therefore be treated
separately. The \wave function" contributions to the CP asymmetry considered in refs. [9{12]
can be obtained from the diagrams in g. 2 as follows. The cross section corresponding to the
contributions of g. 2 is singular at s = M2i , and one may think that the correct nite answer
is obtained by the substitution which changes the tree propagator in the scattering amplitude
to a Breit-Wigner propagator, i.e.,
M2i !




KiiMi is the total width of the heavy neutrinoNi. The cross section then contains
an overall factor, which in the narrow width approximation reduces to 
Mi Γi
(s−M2i ). In the






















Figure 2: Self-energy contributions to lepton number violating processes.
yield the cross section






24a(M2j ) MtK2jt +Mj jKjtj2M2j −M2t
359=; ; (13)
where the index ris stands for \real intermediate state". The cross section for the CP conjugated
process lc + c ! l +  is obtained by replacing K by KT = K. This yields






24a(M2j ) MtK2tj +Mj jKjtj2M2j −M2t
359=; : (14)

















This corresponds to the result obtained in ref. [10]. The additional factor of two occurs since
the CP asymmetry arises in the production and the decay of the intermediate neutrino.
If the ad-hoc prescription given above is correct, the result eq. (15) should also follow from
the cross sections computed with the full resummed propagator at s = M2j . The s-channel











where we have summed over isospin and flavour indices of the external particles. For the CP











Comparing the denitions of SRR and SLL in eqs. (10) and (11) one sees that the two cross
sections can be transformed into each other by exchanging a(s) and a(s). Hence, the CP
asymmetry vanishes if  is symmetric with respect to this replacement.
5
Expanding the propagators SRR and SLL in powers of K, one can prove that this is indeed
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)
: (18)
It is obvious how this series generalizes to higher orders. The corresponding series for SRR(s) is




























The rst line is just the tree level contribution, while the second line contains the interference
terms which should give rise to the \wave function" CP asymmetry. However, (s) is obviously
symmetric with respect to the interchange of a(s) and a(s) and, consequently,
(s) = (s) ; " =
(s)− (s)
(s) + (s)
= 0 : (20)
Hence, to leading order, self-energy diagrams do not contribute to the CP asymmetry if they
are included in a consistent way. The dierence between eqs. (20) and (15) can be traced back
to a breakdown of factorization: even at s = M2j the contributions of all intermediate states
have to be kept.
It is very instructive to work out the equality of  and  to order K4. The calculation
clearly illustrates how all contributions are necessary to achieve  −  = 0. The generalization
to arbitrary orders of K is rather tedious and will be described in [14].
One may worry about the domain of validity of this proof, since the series (18) does not
converge in the vicinity of the poles at s = M2i . However, this merely reflects the denition
of the resummed propagator. One has to resum the propagator in a region where the series
converges, and the result is then analytically continued into the resonance regions. The re-
summed propagator is well-dened for arbitrary values of s. This absence of poles is crucial for
the unitarity of the theory after the unstable particles have been removed as in- and out-states
[13].
Finally, we have to examine how the vertex contributions to the CP asymmetry are aected
























Figure 3: One-loop vertex corrections to lepton number violating processes.
processes. The leading contribution to the CP asymmetry originates from the interference of
the tree level and the one-loop diagrams in g. 3.
We have calculated the cross sections with resummed propagators, which can be used to


























This corresponds exactly to the usual CP asymmetry in decays of heavy neutrinos.
We have investigated dierent possible sources of CP violation in lepton number violating
processes mediated by heavy Majorana neutrinos. CP asymmetries are consistently dened
in processes containing only stable particles as external lines, whereas unstable particles only
occur as intermediate states represented by resummed propagators. We have shown that self-
energy diagrams do not contribute to CP asymmetries, and that the usual vertex contributions




[1] M. Fukugita and T. Yanagida, Phys. Lett. B 174 (1986) 45
[2] M. A. Luty, Phys. Rev. D 45 (1992) 455
[3] M. Plu¨macher, Z. Phys. C 74 (1997) 549
[4] W. Buchmu¨ller and M. Plu¨macher, Phys. Lett. B 389 (1996) 73
[5] B. A. Campbell, S. Davidson and K. A. Olive, Nucl. Phys. B 399 (1993) 111
[6] M. Plu¨macher, DESY 97-055, hep-ph/9704231
[7] For a review and references, see E. W. Kolb and M. S. Turner, The Early Universe,
(Addison-Wesley, Redwood City, CA, 1990)
[8] G. Passarino and M. Veltman, Nucl. Phys. B 160 (1979) 151
[9] J. Liu and G. Segre, Phys. Rev. D 48 (1994) 1342
[10] L. Covi, E. Roulet and F. Vissani, Phys. Lett. B 384 (1996) 169
[11] M. Flanz, E. A. Paschos and U. Sarkar, Phys. Lett. B 345 (1995) 248;
ibid. B 384 (1996) 487 (E);
L. Covi, N. Rius, E. Roulet and F. Vissani, hep-ph/9704366
[12] M. Flanz, E. A. Paschos, U. Sarkar and J. Weiss, Phys. Lett. B 389 (1996) 693;
L. Covi and E. Roulet, Phys. Lett. B 399 (1997) 113;
A. Pilaftsis, hep-ph/9707235
[13] M. Veltman, Physica 29 (1963) 186
[14] M. Plu¨macher, Ph. D. thesis, in preparation
8
